The beta-adrenergic modulation of the inwardly-rectifying K+ channel (IK1) was examined in isolated human ventricular myocytes using patch-clamp techniques. Isoproterenol (ISO) reversibly depolarized the resting membrane potential and prolonged the action potential duration. Under the whole-cell C1--free condition, ISO applied via the bath solution reversibly inhibited macroscopic IdK1. The reversal potential of the ISO-sensitive current was shifted by approximately 60 mV per 10-fold change in the external K+ concentration and was sensitive to Ba2+. The ISO-induced inhibition of IK1 was mimicked by forskolin and dibutyrl cAMP, and was prevented by including a cAMP-dependent protein kinase (PKA) inhibitor (PKI) in the pipette solution. In single-channel recordings from cell-attached patches, bath applied ISO could suppress IK1 channels by decreasing open state probability. Bath application of the purified catalytic sub-unit of PKA to inside-out patches also inhibited IK1 and the inhibition could be antagonized by alkaline phosphatase. When beta-adrenergic modulation of IK1 was compared between ventricular myocytes isolated from the failing and the nonfailing heart, channel response to ISO and PKA was significantly reduced in myocytes from the failing heart. Although ISO inhibited IK1 in a concentrationdependent fashion in both groups, a half-maximal concentration was greater in failing (0.12 microM) than in nonfailing hearts (0.023 microM). These results suggest that IK1 in human ventricular myocytes can be inhibited by a PKA-mediated phosphorylation […] Research Article
Introduction
/3-Adrenergic stimulation can produce positive inotropic and chronotropic effects in the heart and adrenergically mediated effects on cardiac action potentials have been studied electrophysiologically for many years. The effects on cardiac action potentials are quite numerous and are modulated by many other factors (1) . In mammalian heart, as the result of a multiplicity of actions on various ionic currents, isoproterenol (ISO)' can increase action potential duration and reduce the resting membrane potential (2) . However, after inhibition of the Ca2+ current by nisoldipine, ISO can shorten the action potential duration by activating the Cl -current (Icl) but still can depolarize the resting membrane potential (3) . This depolarization could result from either activation of an inward lc or inhibition of the inwardly rectifying K+ channel (IK1), or both.
Recently, majority of ion channels in human heart were characterized in this and other laboratories (4) (5) (6) (7) (8) (9) (10) . In contrast to the many reports concerned with ionic current systems in human heart, little is known about the effects of adrenergic agonists on human cardiac ion channels. Because of the lack of information, the present study was undertaken to determine if P-adrenergic receptors have a role in the regulation of ventricular IKI channels and, if so, to investigate the nature of the mechanisms underlying both the P3-adrenergically mediated regulation of these channels. In addition, influence of preexisting heart disease on ,l3-adrenergic modulation was investigated by comparing channel characteristics between ventricular myocytes isolated from patients with congestive heart failure (the failing heart) and from normal subjects (the nonfailing heart).
Methods
Human cardiac specimens. Adult human ventricular specimens were obtained from patients undergoing cardiac surgery and from explanted donor hearts. Institutional and National Institutes of Health guidelines for human experimentation were followed in obtaining surgical specimens and written informed consent was obtained from all subjects. A total of 16 patients without heart failure and four donor hearts that could not be transplanted for technical reasons were studied as normal subjects yr; median age 42 yr). Nine patients and two donors were male. All patients had no symptomatic heart failure. The averaged ejection fraction was 65+4% (n = 16) and cardiac index was 3.9±1.0 liter/ min per m2 (n = 16). In addition to these normal subjects (nonfailing hearts), adult human ventricular specimens were also obtained from patients with congestive heart failure. A total of eight patients were 1 . Abbreviations used in this paper: 4-AP, 4-aminopyridine; APase, alkaline phosphatase; APD90, the action potential duration at 90% repolarization; C-subunit, catalytic subunit; HF, the failing heart; I-V, current-voltage; IKI, the inwardly rectifying K+ channel; ISO, isoproterenol; NF, the nonfailing heart; N, channel number; P., open probability; PKA, cAMP-dependent protein kinase; PKI, cAMP-dependent protein kinase inhibitor; PO, open probability. studied as heart failure group (34-61 yr; median age 46 yr). Five patients were male. All patients in this group had class IV heart failure. The averaged ejection fraction was 21±5% (n = 8) and cardiac index was 2.1±0.3 liter/min per m2 (n = 8). If the available coronary artery was not suitable for cannulation, the tissue was perfused using a method we have described previously (9) that uses a hypodermic needle to infiltrate the tissues. Specimens were obtained from left ventricular free wall or intraventricular septum. Ventricular specimens were trimmed to -1 cm3 using fine scissors, then infiltrated with Ca2+-free Tyrode's solution via a 25 gauge surgical needle. 20 ml perfusion with Ca2+-free Tyrode's solution (1 ml/min) was followed by perfusion with Ca2+-free Tyrode's solution containing 125 U/ml collagenase (Type V; Sigma Chemical Co., St. Louis, MO) and 1 mg/ml of bovine serum albumin (Sigma Chemical Co.) for 20-30 min (1 ml/min). The For whole cell recording, the series resistance attributed to the pipette tip and the cell interior was compensated by summing a fraction of the converted current signal to the command potential. Series resistance compensation was used to minimize the time course of the capacitative surge. The capacitative transient remaining after series resistance com-pensation was constant throughout the experiments. Ramp voltage clamp pulses were applied from a holding potential of -120 to +40 mV at a rate of 100 mV/s. The current-voltage (I-V) relationships were obtained during ramps. Action potentials were measured in the whole cell current clamp mode.
Single channel currents were monitored with a storage oscilloscope (Type 5113; Tektronix, Inc., Beaverton, OR) and were stored continuously on digital audio tape (R-60DM, Maxell, Tokyo, Japan) using a PCM data recording system (RD-1OOT, TEAC, Tokyo, Japan). The single channel events were reproduced and filtered off-line with a cutoff frequency of 2 kHz through an eight-pole low-pass Bessel filter (48 dB/octave, model 902-LPF; Frequency Devices, Inc., Haverhill, MA), digitized with 14-bit resolution at a sample rate of 10 kHz. The data were analyzed on a computer (PC-9801; NEC, Tokyo, Japan) using locally written analysis programs that are based on the half-amplitude threshold analysis method of Colquhoun and Sigworth (17) 
where Pmax is the maximal effect, IC50 is the concentration at the halfmaximal effect, and H is the Hill coefficient.
The results are expressed as mean±SD. Statistical analyses were performed using Student's t test or one-way ANOVA only when the data were suited for parametric tests as judged by normality and equal variance tests. When the data were not suitable for parametric tests, a Mann-Whitney rank sum test (Wilcoxon rank-sum test) or a KruskalWallis analysis of variance on ranks were used. Differences in the sample sizes from different patient and the variability in the data for each patient could generate the bias that could occur. To consider these inter-and intrapatient variabilities, each data comparison was also evaluated using a two-way ANOVA. In addition, an analysis of covariance was used to determine the influence of age and gender in each comparison, unless otherwise stated. A nonparametric procedure in SIGMAS-TAT version 1.00 was used for these analyses. Results were considered to be significant when P < 0.05.
Results
Action potential response to ISO in isolated human ventricular myocytes. Fig. 1 A shows representative action potentials recorded from an isolated human ventricular myocyte obtained in the absence (circle) and presence (square) of ISO (1 t1M) in the external solution and after washout of ISO (triangle) recorded in the whole cell current clamp mode at physiological temperature (370C). Bath exposure to ISO caused prolongation of the action potential with a small depolarization of the resting membrane potential. In addition, the rate of repolarization (phase 3) during exposure to ISO became slower than in the control, so that the prolongation of the action potential duration at 90% of repolarization (APD90) was greater than at 50% repolarization (APD50). APD90 was 394.6±32.4 ms (n = 12) in the control and 520.7+39.1 ms (n = 12, P < 0.01) during exposure to ISO. APD50 was 292.0+21.8 ms (n = 12) in the control and 372.5±24.4 ms (n = 12, P < 0.01 ) during exposure to ISO. The prolongation of APD90 by ISO was 129.9+11.5%
(n = 12) of control (P < 0.01). In contrast, after exposure to the cell with the bath solution containing 1 MM propranolol and 1 MM ISO, the current magnitude recovered to almost the control level and the I-V curves obtained in the presence and absence of ISO were superimposed ( Fig. 2 B) . The averaged slope conductance was 70.1±6.8 nS (n = 8) in control, 4.7±0.8 nS (n = 7) during exposure to ISO alone, and 69.4±7.1 nS (n = 7) during exposure to ISO and propranolol (NS). Propranolol may displace the /3-agonist from its receptor site and reverse the effect on IK1. These results suggest that ISO can inhibit IKI via /-adrenergic receptor stimulation. Desensitization was not observed during these experimental period (3-min exposure of ISO). The ISO-induced inhibition of IKI was further assessed by (Fig. 5 A) . Bath application of forskolin (10 1.M) decreased IKi to the same extent as 1 MM ISO (n = 6). The averaged slope conductance was 70.7±6.7 nS (n = 6) in control and 4.2±0.6 nS (n = 6) during exposure to forskolin (n = 6, P < 0.001). Different from ISO, IKI did not recover to the control level during 20 min washout period of forskolin. Bath application of a membrane permeable analogue of cAMP, dibutyryl cAMP (5 mM), also decreased IKI (n = 6, not shown), suggesting that the effect of ISO involves activation of adenylyl cyclase and a consequent rise in cellular cAMP. Involvement of PKA during /3-adrenergic stimulation by ISO was also assessed (Fig. 5 B) . (4, 19, 20) . When the myocyte was exposed to 1 ponential function with a ro of 38.9 ms which was similar to control. (D) Closed time histogram for channel activity (same data as in C) required two exponentials to fit the closed time distributions. Tcf was 11.6 ms, a value which was similar to control; r,, was 210.7 ms, a value which was larger than control. = 11, NS from control). Myocytes were exposed with ISO for 1 min, which was too short to develop desensitization. Fig.   7 shows the open and closed time histograms before (Fig. 7, A and B) and during 3-min exposure to 1 HIM ISO (Fig. 7, C (Fig. 7 B, control; Fig. 7 D, ISO) were best fitted by double exponential functions in each case. The fast components of the closed time events were unchanged (10.5±1.4 ms in control, n = 10 and 11.2±1.6 ms in the presence of ISO, n = 10; statistically NS). In contrast, slow component of closed times were significantly longer in the presence of ISO (233.8±24.6 ms, n = 10) than in the control (151.9+26.7 ms, n = 10, P < 0.001).
The nature of the /3-adrenergic inhibition of IKI was further examined using excised inside-out patches (Fig. 8) . When purified catalytic subunit (C-subunit) of PKA (2 /iM) was applied to the bath (cytosolic side of membrane), channel activity was inhibited ( Fig. 8 A, top) in a manner similar to that observed in cell-attached recordings. This patch contains only one channel judged by a total 21-min continuous recording period using Eq. 1. Continuous sampling duration was achieved for 1,220 s and sampling time after addition of agonist was 126 s. This effect was antagonized by alkaline phosphatase (APase, 20 U/ml) ( Fig. 8 A, bottom) . When APase was applied immediately after the C-subunit of PKA had been washed out of the bath, the recovery of channel activity was significantly faster than in the absence of APase. This patch contains only one channel judged by a total 20-min continuous recording period using Eq. 1.
Continuous sampling duration was achieved for 1,160 s and sampling time after addition of agonist was 120 s. Fig. 8 (22, 23) . To assess whether or not the inhibitory effect of ISO on IKI is altered in heart failure, the effect of ISO on IKI was compared between ventricular myocytes isolated from patients with congestive heart failure (the failing heart) and without heart failure (the nonfailing heart). Isolated human ventricular myocytes from both the nonfailing and the failing hearts were morphologically similar. The averaged cell capacitance in ventricular myocytes isolated from the nonfailing heart was generally similar to those from donors (126.2±13.4 pF, n = 25 in the nonfailing and 133.8±14.7 pF, n = 20 in the failing heart; NS). Resting membrane potentials in myocytes from the nonfailing were -79.5±6.7 mV (n = 29), while those in the failing heart were -64.0±6.9 mV (n = 24, P < 0.05). (Fig. 9 A) and the failing hearts (Fig. 9 B) . Fig. 9 , A and B (top panels) illustrates the averaged I-V relationships in control, during exposure to ISO (1 MM) and during exposure to Ba2" (1 mM) in nonfailing (Fig. 9 A) and the failing hearts (Fig. 9 B) . Table II summarizes the comparison of whole cell current parameters between nonfailing and failing hearts. The averaged slope conductance at the reversal potential in the nonfailing heart was significantly greater than that in the failing heart. In addition, the averaged slope conductance of the ISO-sensitive and the Ba2 -sensitive differential currents were significantly greater in the nonfailing than in the failing heart (Fig. 9, A and B, bottom panels) . The ISO-sensitive current was obtained by subtracting the currents during 2-min exposure to ISO from the corresponding currents in the absence of ISO. The current magnitudes at 0 and 10 mV positive to the reversal potential of the ISO-sensitive differential currents were not significantly different between the nonfailing (NF) and the failing heart (HF). The ISO-sensitive current was almost superimposed with the Ba 2k-sensitive current in NF (statistically NS in each voltage). In contrast, the ISO-sensitive current was significantly smaller than the Ba2+-sensitive current in HF (61.4±7.6% of the Ba2+-sensitive current). The concentration dependence of the effect of ISO to inhibit IKI at -120 mV was characterized in ventricular myocytes isolated from the nonfailing and the failing hearts (Fig. 10) . Using the Eq. 3, the Hill coefficient was -1 in both groups. However, the halfmaximal inhibition (IC50) occurred at 0.023 ,M in the nonfailing hearts, while it was 0.12 sM in the failing hearts. These results suggest that response to ISO on IKI is significantly reduced in the failing than in the nonfailing heart. Fig. 11 shows unitary IKI channel response to C-subunit of PKA in ventricular myocytes isolated from the nonfailing and the failing heart in the inside-out patch condition. Although channel activity was inhibited by bath application of C-subunit of PKA (2 pM) in each case, channel activity during exposure to C-subunit of PKA was different between the two groups. The PKA-induced inhibition of the channel was significantly reduced in the failing heart. Although the averaged NPo at the control period was similar to each other, the averaged NP0 during exposure to C-subunit of PKA was significantly lower in the failing than in the nonfailing heart (n = 6 for each, P < 0.01). These results suggest that there is not simply a problem with 3-adrenergic receptor-mediated signalling in the failing hearts but that there is also a defect in the K+ channel or other cell signalling pathways.
Discussion
The major findings in this study are as follows: (a) /-adrenergic stimulation by ISO caused prolongation of the action potential with a small depolarization of the resting membrane potential in human ventricular myocytes; (b) 6-adrenergic stimulation reversibly inhibited macroscopic IKI in the concentration-dependent fashion and the inhibition was prevented by PKI; (c) ISO and the purified PKA could suppress unitary IKI channels by decreasing PO; and (d) modulation of IK! by ISO was significantly reduced in ventricular myocytes isolated from the failing heart compared to the nonfailing heart. These results suggest that IK! in human ventricular myocytes can be inhibited by a PKA-mediated phosphorylation and the modulation is less significant in myocytes isolated from the failing heart compared to the nonfailing heart.
Relation to previous electrophysiological studies. Previous reports documented that various sarcolemmal channel proteins are involved in producing the positive inotropic and electrophysiological effects associated with ,3-adrenergic receptor activation (24) including L-type Ca2+ channels (25) (26) (27) , delayed rectifier K+ channels (28) (29) (30) , Na+ channels (31, 32) and Clchannels (33, 34 [iso] (giM) Figure 10 . (38, 39) . Since these are among the effects expected when IKi is inhibited, it is tempting to suggest that they are the result of an ISO-induced inhibition of 'KI channels. Because ISO can affect several whole cell ionic current systems in the heart, it was first necessary to demonstrate that the specific component of the whole cell membrane current and the ion channels affected by ISO in the present study were indeed IK1-The experimental solutions and conditions were selected to remove contaminations of other current systems. To eliminate sodium ('Na) and L-type calcium current ('Ca), tetrodotoxin (TTX, 5 MM) and Co2" (2 mM) were added to the external solution. Dihydroouabain (DHO, 10 kM) was added to the external solution to block the Na+/K' pump current (40) . Na+/K' pump is known to be enhanced by fi-adrenergic stimulation (1, 41, 42) . Although it is unclear whether or not the PKA-induced Cl-current (CFlRtd~ac) is present in human ventricular myocytes (43) , IcJ was eliminated by replacing Clions with other anions from internal and external solutions. The delayed rectifier K+ channel was also eliminated by the acute ramp voltage clamp protocol (see Methods). 4-AP (2 mM) was added to the external solution to inhibit two types of the delayed rectifier K+ current (IK,,. and IKs) (43) (44) (45) . These current systems are known to be enhanced by 3-adrenergic stimulation. Because the effects of ISO on these currents on IKI can be essentially offsetting, contamination of these currents may mask the ISO-induced inhibition of IKI. In canine Purkinje cells, the transient outward current (Ito) has also been modulated by /6-adrenergic stimulation (46). It. has been described in human heart (47-49) which has two components, a relatively long lasting one suppressed by 4-AP, and a briefer Ca2+-dependent one suppressed by caffeine or Co21 (47) . External 4-AP and Co2+ can effectively inhibit both component of Ito in human heart in the present study. In addition to remove possible contaminations of these ISO-induced currents other than IK1, the ISO-sensitive differential current characteristics in Figs The outward conductance of IKI may be modulated by intracellular Ca2" ([Ca2+]i) (50, 51) Altered sensitivity to 6-adrenergic modulation on IKI in ventricular myocytes isolated from the failing heart. Abnormal response in cardiac function to /3-adrenergic stimulation has been described in the failing heart (22, 23) . Reduced sensitivity to the chronotropic effects of ISO and a selective loss of ,3-adrenergic receptors (down-regulation) were documented in human hearts with terminal heart failure (53) (54) (55) (56) . Decreased response to ISO was demonstrated in relation to ,8-adrenergic receptor down-regulation in these studies. An apparent loss of functional Gsa in cardiac cell membranes as well as deficient production of cAMP have been shown in patients with heart failure compared with control subjects (57) . In contrast, ISOstimulated adenylyl cyclase has been shown to be specifically depressed in the failing human heart (53, 58) . These studies suggest that ,3-adrenergic receptor down-regulation, an apparent loss of functional Gsa, depressed cAMP production and reduced adenylyl cyclase activity are essential for the reduced response to /3-adrenergic stimulation in patients with heart failure. Consistent with these previous studies, our results have shown that IKi channel response to ISO was reduced in ventricular myocytes isolated from the failing heart compared to the nonfailing heart. Our results provided new information that IKI channel response itself to C-subunit of PKA was reduced in the failing heart. Because excised patch measurements were achieved in essentially similar conditions between the two groups and Csubunit of PKA was directly introduced to the bath solution, altered response to PKA in IKI channel in heart failure may be caused by purely reduced response of the channel to PKA. The exact reason for the lower sensitivity of IKI to PKA in the failing heart relative to the nonfailing heart is unclear at present. Because the Hill coefficient of the concentration-response relationship of the channels was close to 1 in both failing and nonfailing heart, single phosphorylation sites for PKA may exist on the channel protein in both groups. Protein-phosphatase induced dephosphorylation process may be accelerated in the failing heart. Other unknown factors may cause the reduced intrinsic sensitivity of the channels to PKA. These results suggest that reduced sensitivity to 6-adrenergic stimulation in patients with heart failure may be caused by 6-adrenergic receptor down-regulation, the reduced intracellular signal transduction, as well as the reduced channel response to PKA.
